Telomere length is a quantitative trait affected by more than 273 genes in Saccharomyces cerevisiae (1, 9, 12) . To put this number into perspective, genes representing nearly 5% of the ϳ6,000-gene yeast genome (15) influence telomeres. Some of these genes directly impact telomere homeostasis, either by contributing to the activity of the telomerase enzyme or by affecting the physical state of telomere ends. Most telomere length genes, however, lack obvious connections to telomere biology. The functions of these genes include vesicular transport, chromatin modification, ribosome assembly, and transcription. We reasoned that some of the telomere length genes with unexplained functions may affect telomerase activity by modulating the abundance of a core telomerase component, the noncoding telomerase RNA.
The fact that telomerase RNA levels can regulate telomere length is well established. In humans, dyskeratosis congenita (28) , the bone marrow failure disease, is characterized by short telomeres resulting from telomerase RNA haploinsufficiency (11, 26, 27) . In yeast studies, we have recently demonstrated a causal relationship between a twofold reduction in TLC1 (telomerase component 1) RNA, resulting from tlc1⌬ heterozygosity, and telomere shortening: ectopic expression of TLC1 in TLC1/tlc1⌬ cells rescues the telomere length defect (30) . The mechanism of telomere length regulation revealed by telomerase RNA haploinsufficiency might be more general. That is, genes responsible for the transcription, processing, and stability of the telomerase RNA might influence telomere length.
Two published examples support this hypothesis. Reductions in TLC1 abundance, caused either by inability of the RNA to associate with the Sm heteroheptamer or by the mtr10⌬ mutation, have been correlated with shortened telomeres (10, 40) . Sm proteins are best known for binding near the 3Ј ends and mediating the nuclear localization of small nuclear RNPs involved in mRNA splicing, so the idea that they influence telomerase, which is also a noncoding nuclear RNP, seemed reasonable. Mtr10p was first identified as an importin required for poly(A) RNA export through its nuclear importation of Npl3p, an mRNA-binding protein (34) .
Given that yeast cells maintain telomerase RNA at a low, limiting level (30) , it seemed likely that regulatory networks beyond Sm binding and MTR10 exist to modulate the transcription, 3Ј end formation, and stability of TLC1. To search for genes in the telomerase RNA biogenesis pathway, we measured TLC1 RNA abundance in 290 candidate strains. In order to measure TLC1 RNA with the requisite sensitivity, we used real-time reverse transcription-PCR (RT-PCR) assays developed in our laboratory (30) . While TLC1-specific oligonucleotides have been included on DNA microarrays designed for high-throughput screening for factors involved in noncoding RNA biogenesis (35) , the steady-state levels of TLC1 were too low to yield signal above background. In the present study, our real-time RT-PCR approach was sensitive enough to identify 25 gene deletions (including mtr10⌬) that caused a 1.5-fold or greater change in telomerase RNA levels. The effect of these genes could be direct or could be mediated through as-yetunidentified intermediates.
This screening uncovered the importance of an RNA polymerase II (Pol II)-associated transcriptional complex, called the Paf1 complex, in TLC1 biogenesis. Approximately 2% of cellular RNA Pol II is associated with Pol II-associated factor complex (Paf1C) (31) in complexes that are distinct from Srb-mediator Pol II holoenzymes (42) . Paf1C has been shown to affect 3Ј end formation of both polyadenylated and nonpolyadenylated Pol II transcripts (38) , including SDA1 and MAK21 mRNAs (important for ribosome biogenesis) (36) and SNR47, a noncoding snoRNA (41) . TLC1 RNA is transcribed by RNA Pol II, and a fraction of the RNA is polyadenylated (6) . In this report, we show that cis-acting elements in both the promoter and the transcribed region of the TLC1 gene respond to Paf1C to enhance TLC1 RNA accumulation in S. cerevisiae.
Thus, this study identified a set of yeast genes that affect the steady-state level of TLC1 and are therefore candidates for being directly involved in TLC1 biogenesis. More generally, this report contributes to the field of telomere biology by identifying a previously unappreciated pathway through which a subset of telomere length genes act: the modulation of telomerase RNA abundance.
MATERIALS AND METHODS
Real-time RT-PCR screening for altered telomerase RNA abundance. We selected 290 candidate gene deletion strains from the S. cerevisiae haploid gene deletion collection (14, 49) . The MATa collection was purchased from Open Biosystems. Candidate strains bud16⌬, ctr9⌬, paf1⌬, set1⌬, sla2⌬, and mtr10⌬ were not included in the MATa collection and were purchased individually or were purchased as heterozygous diploids and then sporulated. The isogenic wild-type control strain BY4733 (3) was purchased from ATCC (American Type Culture Collection; catalog no. 200895).
Deletion strains were grown in yeast extract-peptone-dextrose medium (2% dextrose) containing 200 g/ml G418. Yeast total RNA was prepared from ϳ10 8 cells harvested from cultures grown to cell densities between 9 ϫ 10 6 and 2 ϫ 10 7 cells/ml (as determined by counting with a hemocytometer). The cells were frozen in liquid nitrogen, stored at Ϫ80°C, resuspended in RLT lysis buffer (Qiagen), and subjected to four rounds of 30 s of glass-bead lysis in a FastPrep machine (QBiogene). The lysates were processed according to the RNeasy Mini kit protocol (Qiagen), using an on-column DNase treatment (Qiagen). Total RNA concentrations were quantified using a NanoDrop-1000 spectrophotometer (NanoDrop) and were serially diluted to 1.25 ng/l into water containing 10 ng/l MS2 carrier RNA (Roche). In vitro-transcribed standard RNAs TLC1(1261A55), ACT1, and U2 were taken from stocks described previously (30) . The total RNAs and standard RNAs were reverse transcribed as described previously (30) , using the random nonamer/oligo(dT) primer mix provided in a QuantiTect RT kit (Qiagen). To quantify cDNAs corresponding to total TLC1 [the major poly(A)-negative species and the minor 3Ј-extended poly(A)-positive species], TLC1 containing the 3Ј extension, U2, and ACT1, we used our previously published (30) real-time PCR scorpion assays with primer pairs p38 and p39, p90 and p91, p34 and p35, and p32 and p33, respectively. Real-time PCRs were set up essentially as described previously (30) , with the following modifications. The p38-p39 (TLC1), p34-p35 (U2), and p32-p33 (ACT1) 20-l assays were run simultaneously for each sample in 96-well plates in a LightCycler 480 instrument (Roche). LightCycler 480 probe master mix (Roche) was used for these real-time PCRs in accordance with Roche's protocol. The LightCycler 480 cycling parameters were 95°C denaturation for 10 min followed by 45 cycles of 95°C for 10 s, 57°C for 30 s (with a single fluorescence acquisition), and 72°C for 10 s followed by a 50°C cooling period for 10 s. Each 96-well plate contained samples to create five-point standard curves for TLC1, U2, and ACT1, a notemplate control (water), and duplicate RT reaction mixtures from the wild-type strain and 12 candidate strains. The p90-p91 (3Ј extended TLC1) assays were run in a LightCycler 2.0 instrument as described previously (30) .
Real-time RT-PCR data analysis. The TLC1/U2, TLC1/ACT1, and U2/ACT1 ratios listed in Table S1 in the supplemental material were obtained through a multistep process. First, the absolute quantification module of the LightCycler 480 basic software interpolated the number of TLC1, U2, and ACT1 molecules present in each PCR based on the internal standard curves, as described previously (30) . These raw values were entered into a database; all the data were subsequently treated as a single pool rather than as representing discrete 96-well plates.
Second, the raw TLC1/U2 and TLC1/ACT1 ratios for each sample were calculated to correct for differences in the input amounts of total RNA in the RT reaction mixtures. (The U2/ACT1 ratio was also calculated as a way to flag samples whose U2 or ACT1 abundance noticeably differed from that of the wild type.) More than one real-time RT-PCR was performed for each candidate. The ratios are listed in Table S1 in the supplemental material.
Third, the ratios for each candidate were normalized against the relevant wild-type ratios. These final numbers (shown in the Fig. 1 histograms) facilitate quick assessment of how different the telomerase RNA levels in each candidate deletion strain are from those of the wild type.
Yeast strains and plasmids. Strains denoted BY were S288C descendants (3), and strains denoted JJ were derived from D273-10b (46) . Full genotypes of the following JJ strains were published previously (2): JJ662 (wild type), JJ665 (cdc73⌬), JJ1328 (ctr9⌬), JJ576 (paf1⌬), JJ1336 (leo1⌬), JJ1303 (rtf1⌬), JJ1202 (paf1⌬ ctr9⌬), JJ1361 (paf1⌬ leo1⌬), and JJ1326 (paf1⌬ rtf1⌬). The pTLC1 plasmid (see Fig. 3 ) used in this study was pRS426-TLC1.
The luciferase reporter strains (see Fig. 4 ) were generated in two steps. First, the promoter for vector pJJ1358ϩTLC1 was made by cloning the TLC1 promoter into the KpnI site of the luciferase reporter integrating vector pJJ1358 (36) . We assumed the TLC1 promoter sequences were contained within the 252-bp intergenic region between the closest upstream gene (SNR161) and TLC1. This promoter region was amplified with AMp166 (5Ј-GGGGTACCTCTAGAACTTGTGTTAG TTTATAAATAAATTTTATATCACTATATGTGTGG) and AMp167 (5Ј-GGG GTACCTAGTTTTATTCTCAAACCAGAAAAATCACACTAAAAGCTAC). The full sequence of the promoter for pJJ1358ϩTLC1 is available upon request. Second, the integrating vector was cleaved at the unique NcoI site within the URA3 marker and transformed into JJ662 (wild type) and JJ665 (cdc73⌬). Integrants were selected on synthetic media lacking uracil. End-point PCR was used to verify that the TLC1-promoter-luciferase-reporter cassette had integrated at the URA3 locus (the primers used were AMp180 [5Ј-CACATGCAG CTCCCGGAGACGGTCACAGCTTGTC] and AMp185 [5Ј-GTTACTTGGTT CTGGCGAGGTATTGGATAGTTCC]). Note that we generated luciferase Table S1 in the supplemental material, the mean ratios of TLC1/U2 (panel A) and TLC1/ACT1 (panel B), normalized to the relevant wild-type (WT) mean ratio, were grouped into bins and plotted as a histogram. U2 is an snRNA (small nuclear RNA involved in mRNA splicing), and ACT1 is the actin mRNA. For comparison, measurements of the wild-type ratios from five independent RNA preparations are shown (dark cross-hatched bars). The sensitivity of ACT1 mRNA levels to cell density (30) (21) . (Note that the uppercase primer sequences correspond to TLC1 sequence and the lowercase to the promoter cassette amplified from RP188.) Second, this PCR cassette was integrated into the TLC1 locus in strain R1158 (21) . (R1158 contains the tTA transactivator integrated into the same BY MATa strain used in the genome deletion collection.) Colony-purified G418-resistant colonies were confirmed by PCR. TLC1 expression from the tetO 7 promoter was effectively shut off in the presence of 10 g/ml doxycycline, as verified by Northern blot analysis and real-time RT-PCR.
To generate the tetO 7 promoter-TLC1 cdc73⌬ strain, the tetO 7 promoter-TLC1 strain was crossed to the BY cdc73⌬ strain and the resulting diploid was sporulated. The spores were genotyped both by PCR, for detection of the presence of the tetO 7 and cdc73⌬ alleles, and by growth on plates lacking uracil, to select for strains containing the tTA transactivator, which is essential for tetO 7 promoter activity.
Luciferase mRNA quantification. Because TLC1 RNA is present in low abundance in cells (30), we reasoned that the TLC1 promoter may be too weak to drive sufficient luciferase expression for luminescence measurements. Instead, we monitored luciferase mRNA expression directly by real-time RT-PCR. The luciferase reporter strains (CDC73 TLC1 promoter-luciferase and cdc73⌬ TLC1 promoter-luciferase) were grown to log phase and harvested. Total RNA was extracted, diluted, and reverse-transcribed, as described previously (30) . The cDNA was amplified using the following luciferase-specific scorpion primer/ probe set (designed by DxS Limited and synthesized by Biosearch Technologies): AMp164 (5Ј-F-CCGCGCTATGAAACGATATGGGCGCGG-Q-B-GCATAC GACGATTCTGTGATTTGTA, where F is 6-carboxyfluorescein, Q is Black Hole Quencher 1, and B is hexaethylene glycol), and AMp165 (5Ј-ACGTACG CGGAATACTTCGAA). This primer set produced a 90-bp PCR product, which was measured in the LightCycler 480 instrument as described above. To determine the efficiency of the real-time PCR luciferase assay, we generated a fivepoint standard curve by use of 10-fold serial dilutions of luciferase control RNA purchased from Promega (catalog no. L4561); this Coleoptera luciferase mRNA corresponds to the sequence of Promega's pGEM-luc vector. Both the reaction efficiency (1.94) and the error (0.007) indicated a robust assay.
Initial measurements of 12 independent isolates from luciferase reporter strains revealed various luciferase mRNA levels, in multiples of the lowest observed number, suggesting that some of the strains contained more than one luciferase reporter cassette. To test this, we generated a standard curve using linearized pJJ1358ϩTLC1 promoter plasmid and measured luciferase copy numbers in the genomic DNA prepared from the 12 strains. Five showed multiple (two to four) integrations, which correlated with the observed mRNA expression results. To verify that these strains had multiple integrations, we designed an end-point PCR assay, using AMp180 (5Ј-CACATGCAGCTCCCGGAGACGG TCACAGCTTGTC) and AMp181 (5Ј-GGTTCACGTAGTGGGCCATCGCC CTGATAGACGG), that amplified a product only when head-to-tail copies of the luciferase cassette were present. A PCR product was generated for all the suspected multiple-integrant strains and none for the single-integrant strains. We used the single-integrant strains for the analyses (see Fig. 4B ).
Northern and Southern blot analyses. Northern and Southern blot analyses were performed as described previously (53) . Relative changes in telomere length were measured using ImageQuant TL.
RESULTS

Selection of gene deletion strains.
The 290 candidate strains were selected by the following criteria: (i) 273 strains had been found to have altered telomere lengths in large-scale telomere length screenings (1, 12); (ii) 11 had been reported to have a clumpy cell morphology (49) similar to that of the observed microscopic phenotype of tlc1⌬ cells (A. D. Mozdy and T. R. Cech, unpublished data); (iii) 5 had been found to show deletions of genes that interact with the Paf1 complex and were added during the study, after we identified the importance of the Paf1 complex; and (iv) 1 (mtr10⌬) had been previously shown to have short telomeres because of reduced TLC1 levels (10) and therefore served as a positive control.
A subset of telomere length genes affects telomerase RNA abundance. We measured telomerase RNA (TLC1) levels in 290 nonessential gene deletion strains by using real-time RT-PCR assays we had described previously (30) . Five independent RNA preparations from wild-type cells showed similar TLC1/U2 RNA ratios (Fig. 1A) but more variability in their TLC1/ACT1 RNA ratios (Fig. 1B) , suggesting that some of the spread observed for the deletion strains was due to experimental variability. We therefore required that a strain have both TLC1/U2 and TLC1/ACT1 ratios that differed from those of the wild type by at least 1.5-fold in order to be scored as having a significantly different TLC1 RNA level; the 25 strains that met this standard are listed in Table 1 . This conservative criterion excludes candidates whose TLC1 count appears altered relative to the presence of only one normalizer (either U2 or ACT1). While such candidates may indeed impact TLC1, we erred on the stringent side to limit false positives arising from genes that instead affect U2 or ACT1 RNAs. For example, the TLC1/U2 ratio in the lea1⌬ strain is twofold higher than in wild-type cells (the TLC1/ACT1 ratio indicates a lesser, 1.3-fold effect). Lea1p is a component of the U2 snRNP and is necessary for normal accumulation of U2 (44) . The inflated TLC1/U2 ratio in lea1⌬ cells is therefore at least partially due to depressed U2 levels. The TLC1/U2, TLC1/ACT1, and U2/ ACT1 ratios for all 290 strains can be found in Table S1 in the supplemental material.
As is consistent with observations that telomerase abundance influences telomere length (8, 30) , 18 of the 20 deletion strains that contained less TLC1 than wild type are known to have short telomeres, while 4 of the 5 deletion strains that contained more TLC1 than wild type had long telomeres (Table 1). Of the 290 candidate strains, deletion of MTR10 had the largest impact (an approximately sevenfold decrease) on telomerase RNA abundance. Because Mtr10p is an importin that is already known to contribute to TLC1 RNA levels (10, 30) , its appearance in Table 1 provides some validation of our screening.
The next largest effects (greater than twofold decreases) were observed with cdc73⌬, ctr9⌬, paf1⌬, and leo1⌬ cells. The products of these four genes physically and functionally interact within Paf1C (31) . In addition to exhibiting reduced overall levels of TLC1, the Paf1C mutant strains contain altered levels of the 3Ј-extended form of TLC1 relative to the mature form (Table 1) . Because the screening unambiguously revealed the importance of the Paf1 complex in TLC1 biogenesis, we focused the remainder of this study on Paf1C. The other hits are addressed in the Discussion.
The Paf1 complex is required for telomerase RNA to accumulate to wild-type levels. The Paf1C is comprised of Cdc73p, Ctr9p, Paf1p, Leo1p, and Rtf1p (31) . Four of the five subunits were identified in the real-time RT-PCR screening as altering the TLC1/U2 and TLC1/ACT1 ratios by at least 1.5-fold; the rtf1⌬ strain missed the cutoff for inclusion in Table 1 because its TLC1/ACT1 ratio was 1.4-fold lower than that of the wild type. To further explore the role of the Paf1 complex in TLC1 transcription/stability, we examined TLC1 RNA from strains Fig. 2A, B , and D). This two-to fourfold drop in TLC1 RNA levels was consistent with the pattern reported for other Paf1C transcriptional targets in paf1⌬ cells (5) . The TLC1 transcripts appeared to be similar to the wild type in size, although reduced in abundance (Fig. 2D) . The U2/ACT1 ratios were not depressed in the Paf1C mutants (Fig.   2C ), demonstrating that the Paf1 complex does not affect all noncoding RNAs transcribed by Pol II. We measured TLC1 in paf1⌬ leo1⌬ and paf1⌬ rtf1⌬ double mutants (Fig. 2B) , because leo1⌬ and rtf1⌬ mutations have been reported to suppress paf1⌬ phenotypes such as slow growth, temperature sensitivity, and decreased expression of several Paf1C transcriptional targets (31). For example, the level of mRNA of CLN1, the G 1 cyclin, is reduced threefold in paf1⌬ cells but is restored to wild-type levels in paf1⌬ rtf1⌬ double mutants (31) . In contrast, neither the loss of Leo1 nor the loss of Rtf1 suppressed the low TLC1 levels observed in (1, 12) : slightly short (Ͻ50 bp shorter than WT), short (50 to 200 bp shorter than WT), very short (Ͼ150 bp shorter than WT), slightly long (Ͻ50 bp longer than WT), long (50 to 300 bp longer than WT), and very long (Ͼ150 bp longer than WT). Note that some categories overlap because the reported telomere length categories differ (1, 12) . For telomeres examined in this study, specific telomere length reductions are indicated in parentheses.
b The mean ratio for each gene deletion strain was normalized against the relevant mean wild-type (WT) ratio (the ratio for TLC1/U2 is 0.0406, for TLC1/ACT1 is 0.155, and for TLC1-3Ј ext/total TLC1 is 0.160).
c TLC1 transcripts were examined by Northern blot analysis. Two major TLC1 transcripts are visible in total RNA isolated from wild-type cells: a 1.157-kb mature form and a larger, polyadenylated, 3Ј extended form.
d ND, not determined. e The mature, 1.157-kb TLC1 transcript is present in cells lacking Rps16Ap; however, the 3Ј extended form is not discernible by Northern analysis. f The ref2⌬ strain does not fit the strict criterion that both the TLC1/U2 and TLC1/ACT1 ratios must differ from that of the WT by at least 1.5-fold. It is included in this table because of all the strains examined, telomerase RNA levels in this strain are the most dramatically increased. The normalized U2/ACT1 ratio (1.9) indicates that U2 snRNA levels in ref2⌬ cells are also elevated, which could account for the observed TLC1/U2 ratio. 2B ; see results for paf1⌬ leo1⌬ and paf1⌬ rtf1⌬ double mutants). Instead, we found that paf1⌬ is epistatic to leo1⌬ with respect to TLC1 abundance. The difference between leo1⌬ cells and paf1⌬ leo1⌬ cells in TLC1 levels is statistically significant (P Ͻ 0.05 using a Student's t test). (The difference between rtf1⌬ and paf1⌬ rtf1⌬ cells in TLC1 levels is not statistically significant [P ϭ 0.07].) As is consistent with the most dramatic reductions in TLC1 RNA, telomeres were shortest in cdc73⌬, paf1⌬, and ctr9⌬ cells in both the BY and JJ backgrounds (Fig. 2E) . A subtle difference between BY and JJ backgrounds for the leo1⌬ and rtf1⌬ strains was observed: TLC1 levels were more depressed in leo1⌬ than in rtf1⌬ BY cells, while the opposite was observed for JJ cells.
More telomerase RNA partially rescues the telomere length and growth defects in Paf1C mutant cells. Cells lacking Paf1C components have shortened telomeres and reduced TLC1 RNA levels. To test whether insufficient telomerase RNA is responsible for the telomere length defect, we expressed TLC1 from a high-copy plasmid in Paf1C mutant strains. Because TLC1 RNA expressed from its endogenous promoter fails to accumulate to wild-type levels in Paf1C mutants, we measured TLC1 RNA by real-time RT-PCR to see whether high-copynumber plasmid expression could boost steady-state TLC1 levels. As shown at the bottom of Fig. 3A (TLC1/ACT1 ratios), Paf1C mutant strains expressing the high-copy TLC1 plasmid contained at least 10-fold more TLC1 RNA than the Paf1C strains carrying an empty plasmid and at least 3-fold more TLC1 RNA than wild-type cells. This excess TLC1 RNA was processed normally; the 3Ј extended/total TLC1 ratios were indistinguishable between cdc73⌬ cells expressing endogenous and high-copy plasmid levels of TLC1 (data not shown). After fewer than 50 generations posttransformation with the highcopy-number TLC1 plasmid, telomeres were markedly lengthened in cdc73⌬ and ctr9⌬ cells and slightly lengthened in paf1⌬ cells (Fig. 3A) . Telomeres were also slightly lengthened in leo1⌬ cells from the BY background but slightly shortened in those from the JJ background.
It seemed possible that TLC1 overexpression might cause general telomere lengthening, even in short-telomere strains that do not have reduced telomerase RNA levels. We therefore tested three strains with normal TLC1 levels (see Table S1 in the supplemental material): dcc1⌬, vps28⌬, and upf3⌬. In addition to the data reported here, previous double-mutant analyses of dcc1⌬ tlc1⌬, vps28⌬ tlc1⌬, and upf3⌬ tlc1⌬ indicated that the effects of these genes on telomere length were not exclusively dependent on the presence of telomerase (12) . While TLC1 overexpression had subtle effects on telomere lengths in dcc1⌬, vps28⌬, and upf3⌬ cells (Fig. 3B) , the lack of a clear gain in telomere length as observed in cdc73⌬ and ctr9⌬ cells after the same generation time suggested that excess telomerase RNA does not generally impact short telomeres in fewer than 50 generations. The rescue of short telomeres in cdc73⌬ and ctr9⌬ cells, then, is likely due to reversing the cause of the short telomeres, i.e., to insufficient TLC1 RNA levels. The observed partial, rather than complete, restoration of telomeres to wild-type length may be explained by the short generation time. If we were to passage these cells through more generations, telomeres might fully recover. To avoid ambiguities in interpretation, given the observation that TLC1 overexpression for 250 generations causes telomere lengthening in wild-type cells (30) , presumably via an adaptive cellular FIG. 3 . Ectopic expression of telomerase RNA partially rescues the telomere length and growth defects of Paf1C mutant cells. (A) Telomeres in cells containing either an empty high-copy-number (2m) plasmid (lanes with no plasmid indicated) or a 2m plasmid expressing TLC1 (pTLC1) were analyzed by Southern blotting. The changes in telomere length caused by increasing TLC1 RNA levels are indicated, as are TLC1 levels relative to ACT1 mRNA levels. Chr IV, chromosome IV. (B) Telomeres in strains (BY background) lacking telomere length maintenance genes that affect telomerase-independent pathway(s) were analyzed by Southern blotting. These strains contained either an empty 2m plasmid or a 2m plasmid expressing TLC1 (pTLC1). The changes in telomere length relative to wild type (WT) are indicated (diagonal numbers), as are the changes in telomere length between cells expressing an empty 2m plasmid and pTLC1 (horizontal numbers). (C) Overexpressing TLC1 partially rescues the temperature sensitivity of Paf1C mutants in the JJ strain background. The same strains from which DNA was harvested for the Southern blot shown in panel A were grown to late log phase and suspended at a concentration of 10 8 cells/ml. Serial dilutions (100-fold; 10 8 , 10 6 , and 10 4 cells/ml) were then spotted on plates and incubated at either 30°C or 37°C. p-empty, empty high-copy-number (2m) plasmid. We noticed that Paf1C mutant strains containing the highcopy-number TLC1 plasmid grew better in liquid culture than the same strains containing an empty plasmid. To examine this growth phenotype more closely, we spotted serially diluted cells onto plates and grew them at 30°C and 37°C (Fig. 3C) . As previously reported, the cdc73⌬, ctr9⌬, paf1⌬, and rtf1⌬ mutations caused temperature sensitivity in the JJ background (2). This temperature sensitivity phenotype was partially rescued by TLC1 overexpression (Fig. 3C, top right panel) . Paf1C mutants in the BY background were not as sensitive to high temperature (Fig. 3C, bottom panels) . This observation raises the possibility that temperature sensitivity is related to telomere length, because telomeres are shorter in the JJ Paf1C mutants than in the BY Paf1C mutants (Fig. 2E) . Another possibility is that increased telomerase RNA affects the levels or functions of associated proteins that impact temperature sensitivity. A practical outcome of the observation that excess telomerase RNA can partially rescue telomere length and growth defects of Paf1C mutants is that growing difficult Paf1C mutant strains can be augmented by transforming these cells with a high-copy-number TLC1 plasmid.
Paf1C has both promoter-dependent and promoter-independent effects on telomerase RNA. Although the Paf1 complex accompanies Pol II for all transcriptionally active yeast genes (32) , its loss affects only a small subset of transcripts (36) . At least some of these targets rely on Paf1C for posttranscriptional processing (36, 41) but not for initiation, raising the following question: is Paf1C required at the promoter (e.g., for initiation of TLC1 transcription) or for downstream events, which could include transcript elongation and 3Ј end formation? To address this question, we performed two sets of experiments. First, we tested the sensitivity of the TLC1 promoter to the cdc73⌬ mutation by use of a luciferase reporter. Second, we tested the sensitivity of the TLC1 transcribed region to cdc73⌬ by use of a heterologous promoter driving TLC1 expression.
We measured accumulation of telomerase RNA and luciferase mRNA, both driven by the TLC1 promoter, in CDC73 and cdc73⌬ strains. As expected, telomerase RNA levels were reduced nearly fourfold in cdc73⌬ cells compared to CDC73 cell results (Fig. 4A, left bars) . There was also less luciferase mRNA in cdc73⌬ cells than in CDC73 cells, although the effect was smaller (a 1.6-fold reduction) (Fig. 4A, right bars) . A Student's t test revealed this 1.6-fold difference to be significant (P Ͻ 0.001). This depression in luciferase mRNA production was not due to an effect of cdc73⌬ on the luciferase transcript itself; when a luciferase construct lacking the TLC1 promoter was integrated into the URA3 locus so that luciferase transcription was driven from the nearest promoter element, luciferase mRNA accumulated to the same low level in CDC73 and cdc73⌬ strains (data not shown). This reporter analysis indicated that Paf1C is required for normal transcription from the TLC1 promoter but that this promoter effect alone is too small to account for the observed reduction of TLC1 RNA levels in cdc73⌬ cells.
To examine the effect of cdc73⌬ on the transcribed TLC1 region, we replaced the endogenous TLC1 promoter with a heterologous promoter, tetO 7 (29) . We then measured TLC1 RNA levels in the following four isogenic strains: CDC73 TLC1 promoter-TLC1, cdc73⌬ TLC1 promoter-TLC1, CDC73 TetO 7 promoter-TLC1, and cdc73⌬ TetO 7 promoter-TLC1. TLC1 RNA accumulated to approximately sixfold-higher levels when expressed from the tetO 7 promoter compared to the results seen with its endogenous promoter (Fig. 4B) . The important comparison (between CDC73 tetO 7 promoter-TLC1 cells and cdc73⌬ tetO 7 promoter-TLC1 cells) revealed a twofold decrease in TLC1 RNA levels upon loss of Cdc73p (Fig.  4B, right bars) . These data indicated that the Paf1 complex also plays a promoter-independent role in TLC1 biogenesis. The decrease in TLC1 levels observed in cdc73⌬ cells, then, is multiplicative: an approximately twofold promoter-dependent role and a twofold promoter-independent role for Paf1C account for the approximately fourfold total effect on TLC1 RNA accumulation. 
DISCUSSION
Overview of the telomerase RNA abundance screening. Our real-time RT-PCR screening identified 24 genes not known previously to affect TLC1 steady-state abundance and replicated the finding (10) that MTR10 affects TLC1 biogenesis. These genes affect diverse biological functions ( Table 1) . The most-represented function is transcription; we found four members of the Pol II-associated complex Paf1C (CDC73, CTR9, PAF1, and LEO1), two members of the Pol II-associated mediator complex (NUT3 and SRB2), and two genes that modulate the histone acetylation state (HDA2 and HFI1) . These gene products could be directly involved in TLC1 RNA transcription or they could affect the expression of an intermediary protein that contributes to TLC1 RNA accumulation. The functional breakdown of the remaining genes is as follows: (i) vesicular transport (ARF1, VPS34, and ARV1); (ii) RNA processing (MTR10 and REF2); (iii) protein phosphatase 2A activity (TPD3 and PPE1); (iv) telomerase RNP production (YKU70); (v) signal transduction (PHO85); (vi) ribosome biogenesis (RPL13B and RPS16A); and (vii) genes whose broad biological functions are unclear (HUR1, AGP2, UGO1, SMI1, CWP2, and ARD1).
Because the screening identified multiple members of the Paf1 complex, we used the Osprey network visualization tool (4) to look for other interactions between the genes listed in Table 1 . The following pairs interact genetically: genes SMI1 and PHO85 (synthetic lethality) (25, 45) ; genes PHO85 and HFI1 (synthetic lethality) (20, 24) ; genes HFI1 and NUT3, genes SRB2 and ARD1, and genes ARD1 and HUR1 (phenotypic suppression) (7); genes HUR1 and YKU70, genes YKU70 and CDC73, and genes ARD1 and CDC73 (phenotypic enhancement) (7); and genes PPE1 and TPD3 (synthetic rescue) (19) . This final pair is interesting, because tpd3⌬ cells contain decreased telomerase RNA and short telomeres whereas ppe1⌬ cells contain increased telomerase RNA and long telomeres. The opposing effects make sense in light of the opposing functions of Ppe1p and Tpd3p, both of which regulate protein phosphatase 2A activity. Protein phosphatase 2A activity is decreased in tpd3⌬ cells and increased in ppe1⌬ cells (19) ; this observation, in conjunction with our analysis, indicates that protein phosphatase 2A activity leads to increased transcription or stability of telomerase RNA. It will be interesting to test whether other protein phosphatase 2A holoenzyme components (RRD2, PPH21, CDC55, and PPM1) affect telomerase RNA levels and/or telomere length.
NUT3 and SRB2 interact physically (13) within the mediator complex. Yeast mediator is a 25-protein complex that regulates Pol II transcriptional initiation (22) . Of the 15 nonessential mediator components, 12 (NUT3, SRB5, SOH1, NUT1, GAL11, MED1, PGD1, SRB2, SRB8, SRB9, SRB10, and SRB11) are reported to affect telomere length (1, 12) . These 12 define components of the head, middle, tail, and cyclin-dependent kinase (CDK) mediator modules (16) . The CDK module is a negative regulatory module (17) that represses transcription of ϳ3% of the yeast genome (18) . Deletion of any of the four CDK components (SRB8 to SRB11) results in long telomeres and elevated levels of telomerase RNA (see Table S1 in the supplemental material). The subtle (Ͻ1.5-fold) increases in TLC1 levels observed by real-time PCR were confirmed by Northern analysis (data not shown), suggesting that TLC1 is a novel target of CDK repression. On the other hand, loss of NUT3, the head component, leads to a twofold drop in TLC1 levels (Table 1) . Altogether, our data suggest that mediator is important for TLC1 transcription but that its effect is negatively regulated by the CDK module.
Three of the genes listed in Table 1 , CTR9, NUT3, and CWP2, were not previously known to affect telomerase and telomeres. This is not surprising, given that the published genome-wide screenings for telomere length defects were estimated to have missed ϳ40% of genes that affect telomere length (9) . We analyzed ctr9⌬ cells because the Paf1C is clearly important for TLC1 accumulation. We analyzed nut3⌬ and cwp2⌬ cells solely because their clumpy cell morphology is reminiscent of the tlc1⌬ phenotype we observed (Mozdy and Cech, unpublished). We do not know whether or how telomerase RNA levels are linked to cellular morphology; however, clumpiness was either a reasonable or a fortuitous criterion for inclusion in our screening because it led to the identification of two additional genes that affect telomerase RNA levels.
The Paf1 complex affects promoter-dependent and promoter-independent steps of TLC1 production. This study revealed that the Paf1 complex is important for TLC1 biogenesis, with quantitatively similar effects on the transcribed region of the gene (observed with a heterologous promoter) and on the DNA sequences preceding the start site for transcription-the putative promoter. We were unable to test whether these effects are direct or indirect using either of two obvious approaches: use of directed mutations of Paf1C-responsive cis elements within TLC1 or use of a PAF1 conditional allele. First, no significant consensus sequence larger than 4 bp has been identified in the promoters of the Paf1C primary target genes (36) , so it is unclear what element(s) in the TLC1 promoter the Paf1C might recognize. In addition, no common elements in the 3Ј untranslated regions of Paf1 targets been identified (36) . Second, the long half-life of TLC1 precludes distinguishing direct from indirect effects in a time course following shutoff of a conditional PAF1 allele. TLC1's half-life has been reported to exceed 1 h (23) and to be at least 2 h (6). To conclude that a transcript is a direct Paf1C target, a previous study required that the transcript undergo a twofold change in expression over a 2-h time period following shutoff of a tetracycline-regulated PAF1 (36) . By the time (ϳ2 h) a twofold change could be detected in TLC1 abundance, other shorter-lived transcripts would have been affected, obfuscating interpretation.
For the remainder of this discussion, we assume that the TLC1 gene is the direct target of Paf1C, although we do not discount the possibility that Paf1C regulates production of other factors that in turn interact with the promoter region and the transcribed region of TLC1. Even with this assumption, the mechanism of the Paf1C effect is complicated to address, because the Paf1 complex has been implicated in all stages of Pol II transcription, from initiation to elongation to 3Ј end formation. Cdc73p forms a stoichiometric complex with Pol II (42) , and Paf1C components are found at promoters and throughout the coding regions of genes (37, 43) . The Paf1C interacts with elongation complexes that modify chromatin via histone methylation and ubiquitination (33, 48, 50, 51) and with 3Ј end formation complexes, including the THO component of the transcription export complex (5) and Nrd1p and Nab3p, the snoRNA terminators (41) . Although many of these Paf1C interaction partners (BRE1, BRE2, CCR4, CDH1, CTK1, HPR1, MFT1, RAD6, SET1, SPT4, and THP2) were included in this screening, none appeared to impact TLC1 RNA levels as much as Paf1C did. While it is intriguing that the THO complex members HPR1, MFT1, and THP2 have subtle but clear effects on TLC1 levels (see Table S1 in the supplemental material), this observation is insufficient to suggest that RNA export is the critical step in the Paf1C-guided journey to TLC1 RNA maturation.
For many of the known Paf1C transcriptional targets, the critical Paf1C role was shown to be promoter-independent, posttranscriptional processing (36, 41) . Specifically, Paf1C is important for the proper utilization of a subset of poly(A) sites; loss of the Paf1C leads to reduced utilization of proximal poly(A) sites and increased utilization of distal poly(A) sites for primary target genes SDA1 and MAK21 (36) . TLC1 RNA is unusual in having both poly(A) ϩ and poly(A) Ϫ forms and in having an A-U-rich 3Ј region with multiple candidate polyadenylation sites (6) . Decreased utilization of a major TLC1 poly(A) site in Paf1C mutants could partially account for reduced TLC1 RNA. The published U1221G mutation in a TLC1 polyadenylation efficiency element (nucleotides 1221 to 1226) (6) leads to a ϳ1.4-fold reduction in the predominant, mature form of TLC1 (ϳ1.157 kb long), a greater than threefold reduction in the less-abundant, 3Ј-extended, polyadenylated form (ϳ1.35 kb long), and the appearance of a larger transcript that is visible on a Northern blot but is too faint to be quantified (Mozdy and Cech, unpublished) . Although no discrete elongated TLC1 species was discernible by Northern blot analysis in total RNA extracted from paf1C mutant strains, there was a clear increase in the ratio of 3Ј-extended TLC1 to total TLC1 in the absence of Paf1C (Table 1) . The observation that a TLC1 cis element predicted to guide polyadenylation enhances both TLC1 accumulation and proper 3Ј end formation gives plausibility to a model in which the Paf1C enhances utilization of TLC1 polyadenylation signals that generate a stable RNA.
However, there are also reasons to believe that the role of Paf1C in TLC1 transcription may be more complex. First, no aberrant 3Ј ends were observed for TLC1 transcripts isolated from Paf1C mutant cells (Fig. 2D) , in contrast to previous results for other Paf1C targets (36, 41) . Second, TLC1 RNA analysis results deviate from the short half-life pattern of other primary targets that exhibit decreased abundance upon loss of Paf1 (36) . The average yeast mRNA half-life is ϳ21 min (18, 47) , while the average mRNA half-life of a primary Paf1C target whose level is depressed upon loss of Paf1 is 12 min (36). The half-life of TLC1 is over an hour (23) . Third, unlike other primary Paf1C targets which are relatively unaffected by the cdc73⌬ mutation (5), reduction of TLC1 levels was more extensive in cdc73⌬ cells than in any other Paf1C mutant. Cdc73p anchors the rest of the Paf1C to Pol II and chromatin (32) , so the fact that its loss has a large effect on TLC1 levels suggests that Paf1C may function in TLC1 promoter-dependent initiation.
The human homolog of CDC73, HRPT2 (hyperparathyroidism-jaw tumor syndrome 2), has been implicated in human cancers (39, 52, 54) . It will be interesting to determine whether telomerase RNA levels are affected in tumors harboring mutant HRPT2.
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